I. INTRODUCTION
The Cd isotopes with Z = 48 are very close to the magic proton Z = 50 shell closure. The two-proton-holes configuration is expected to contribute significantly to the nuclear wave functions. This aspect differentiates the Cd isotopes from the neighboring Sn isotopes, where the stability of the Z = 50 core restricts the nuclear structure to the valence neutrons. Indeed, the heavier Cd isotopes exhibit collective properties and the 112, 114, 116 Cd isotopes have long been examples of spherical vibrational nuclei.
However, experiments on Cd isotopes carried out by Garrett [1, 2] , Ekström [3] , and Stuchbery [4] , among others, suggest a more complex nuclear structure for some Cd nuclei, including the existence of deformation with consequent rotational motion.
In both the light Sn and Cd isotopes, the B(E2; 2 + 1 → 0 + 1 ) values show an increase over the values calculated in the shell model [3] . These discrepancies can be attributed to a variety of causes, ranging from the possible nonequivalence of B(E2) values determined either from Coulomb excitation or from lifetime measurements, or to actual structure differences caused by the two valence proton holes. * nkoller@physics.rutgers.edu
The recent measurements of lifetimes in 110 Sn [5] did not exhibit this enhancement of the B(E2) values. Furthermore, the measured g factors in 110 Sn were found to be in good agreement with excitations of neutrons and a stable Z = 50 core.
The data presented in this paper stem from that particular experiment on 110 Sn. The radioactive 110 Sn nucleus was produced by the capture of an α particle by the nuclei in a 106 Cd beam impinging on a 12 C target. Simultaneously, the beam ions were Coulomb excited by the target C nuclei, allowing the measurements of lifetimes and g factors of several states in 106 Cd.
The details of the experiment and analysis are extensively discussed in Ref. [5] . Only the analysis results leading to the new information about 106 Cd are described in the present paper. Shell-model calculations were carried out in a framework similar to that presented in Ref. [5] .
The main interest of the present work is to obtain more detailed information about the nuclear structure of 106 Cd by searching for single-particle aspects in the nuclear properties of 106 Cd.
It should be noted that in many previous studies the 2 + 1 states of several Cd isotopes have been discussed within the framework of collective models with little attention paid to the single-particle structure (see, e.g., Ref. [6] ). 
II. THE EXPERIMENT
The experiment was performed at the Lawrence Berkeley National Laboratory (LBNL) 88-Inch cyclotron.
The experiment was primarily designed to measure g factors of low-lying states in 110 Sn via an α-particle transfer to the 106 Cd-beam nuclei [5] . In this experiment, additional data on 106 Cd have been obtained.
The multilayer target, front to back, consisted of 0.636 C, 8.34 Gd, 1.10 Ta, and 5.40 Cu (mg/cm 2 ). The beam energy was 410 MeV, close to the Coulomb barrier of 106 Cd on 12 C (390 MeV). The Coulomb excitation of the beam particles in the first target layer is established by measuring γ rays in coincidence with forward-scattered carbon ions.
The target was mounted between the pole tips of a liquidnitrogen-cooled magnet. The gadolinium layer of the target was magnetized by a field of 0.07 T. Its direction was reversed every 150 s during the measurements. The particle detector was a 300 mm 2 Si surface-barrier detector (Canberra PIPS) placed 25 mm downstream of the target at 0 • with respect to the beam direction. The beam was stopped in a 5.6-mg/cm 2thick copper foil, which was placed in front of the particle detector. Only the carbon ions and light particles resulting from reactions reached the detector. The carbon particles were well separated in the 300-μm-thick detector, as shown in Fig. 1 .
The γ rays were observed in four clover HPGe detectors from the Oak Ridge National Laboratory (ORNL) and LBNL inventories. These were located 125 mm away from the target at angles of θ = ±60 • and ±120 • with respect to the beam direction. At that distance, the individual elements of the clover detectors subtended angles of ±8 • with respect to the center of the clover enclosure.
The preamplifier output signals of all detectors were digitized by using a PIXIE-4 system [8] . Their time stamps and energies were written to disk. The data handling and analysis were performed as described in greater detail in Ref. [9] .
Particle-γ coincidence spectra gated on the 12 C peak, obtained at a beam energy of 410 MeV, are shown in Fig. 2 .
The low-lying levels of 106 Cd that were identified in this experiment are shown in Fig. 3 . Coincidence γ spectra gated on the carbon peak in Fig. 1 . The spectra show the Doppler-broadened and -shifted lines, including the distinct lineshapes observed in a backward-and in a forwardpositioned detector segment at the indicated angle θ with respect to the beam direction.
A. Precession measurement
The g factor of the 2 + 1 state in 106 Cd was measured previously by the transient field technique (TF) [6] . Its value was used as a check on the experiment and also served to calibrate the transient-field strength.
In a TF measurement, the spin precession of the aligned nuclei traversing the magnetized ferromagnetic layer causes a rotation of the angular distribution of the decay γ radiation. The precession angle is derived from counting-rate changes in the stationary γ detectors when the polarizing magnetic field at the target, which is perpendicular to the detection plane of the γ detectors, is reversed. The so-called rate and v/v 0 out are the average energies, in MeV, and velocities, in units of v 0 = e 2 / , the Bohr velocity, of the excited probe ions as they enter into, and exit from, the gadolinium layer. T eff is the effective time the transient field acts on the ions traversing the ferromagnetic layer.
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is obtained. In the above expression, g is the g factor of the excited state and μ N is the nuclear magneton. B TF is the effective transient field acting on the nucleus during the time interval (t out − t in ) spent by the ions in the gadolinium layer. The exponential factor accounts for the nuclear decay during the transit time of the ions through the gadolinium layer. The relevant kinematic information for the transient-field calculation is summarized in Table I . The angular correlations for the states were also derived from the precession data. The peak intensities of the 2 + 1 → 0 + 1 and 4 + 1 → 2 + 1 transitions in the spectra of each clover crystal, summed over both field directions and corrected for relative efficiencies, were fit to the angular-correlation function
Here the P k (cos θ γ ) are the Legendre polynomials, the A k are the experimental angular-correlation coefficients, which depend on the multipolarity of the γ -ray transition, and the Q k are attenuation coefficients accounting for the finite solid angle of the γ detectors. Representative fits are shown in Fig. 3 of Ref. [5] .
B. Lifetimes
On average, the cadmium ions exit the carbon foil with a velocity of 6.86% c. In Fig. 2, the [12] code was used. In the first step, by using a Monte Carlo simulation and Ziegler's stopping powers [13] , energy-loss cascades were calculated for the reaction kinematics in the multilayer target. In the second step, the cascades relevant for each detector geometry were selected. The Doppler-broadened shapes of the γ lines were then fit to the corresponding data sets. Sample fits are shown in Figs. 4 and 5. The results in Table II are averaged results of fits to lines in forward and backward detectors. The errors were enlarged to reflect uncertainties in feeding and the spread of the fit results in various detectors. All the lifetimes reported in this paper have been measured for the first time by the DSAM lineshape technique and disagree with the literature values [7] 106 Cd. Also included are the slopes for full clovers and the precession angles. θ (g = 1) was calculated by using the Rutgers parametrization [11] . The literature values of the mean lives are taken from the NNDC data base [7] . [6] .
C. Magnetic moments
The Coulomb excitation of the 2 + 1 state in 106 Cd would be best measured below the Coulomb barrier of projectile and target nuclei. At a beam energy of 400 MeV, the adopted g(2 + 1 ) value of +0.393(31) [6] was reproduced by using the Rutgers parametrization [11] . In runs at 410 MeV with various beam intensities; this g factor was taken to monitor the magnetization, which is a sensitive function of the beam-spot temperature. Indeed, a strong correlation between the beam current, represented by the measured singles particle rate, and the precession rate effect of the 2 + 1 → 0 + 1 transition in 106 Cd was observed [14] .
The g factor of the 4 + 1 state in 106 Cd was measured for the first time. This state has a short lifetime and is fed by another 4 + state. The literature value [7] is τ ( 106 Cd; 4 + 1 ) = 1.26 (16) ps which leads to the value g( 106 Cd; 4 + 1 ) = +0.27(6) quoted in Ref. [5] . A lineshape analysis of the current data yielded a new mean life of 2.5(2) ps, and a g factor g( 106 Cd; 4 + 1 ) = +0.23 (5) . The results are summarized in Table II .
III. DISCUSSION AND THEORY
In the present work, large-scale shell-model (LSSM) calculations were carried out for 106 48 Cd 58 . The G-matrix interaction jj45pna was used. This interaction is included in the shell-model code NUSHELLX [15] and can be used for proton numbers below Z = 50 and neutron numbers above N = 50.
A 78 28 Ni 50 core was employed. The two proton valence holes below the Z = 50 magic number were always permitted to be anywhere in the f 5/2 , p 3/2 , p 1/2 , and g 9/2 orbital space. Two different spaces were considered for the eight valence neutrons beyond the N = 50 core. Space 1 included the g 7/2 , d 5/2 , d 3/2 , and s 1/2 neutron orbitals. Space 2 encompassed only the g 7/2 , d 5/2 , and d 3/2 orbitals. The shell-model calculations show that, in both spaces, the occupancies of the various orbitals are essentially the same for each of the 0 + 1 , 2 + 1 , and 4 + 1 states in 106 Cd. The proton holes are largely in the g 9/2 orbital and the neutrons are primarily in the d 5/2 and the g 7/2 orbitals.
In the B(E2) calculations, two different sets of effective charges (e p ,e n ) were utilized: (1.75e,0.75e) and (2.0e,1.0e).
In Table III the two corresponding calculated B(E2) results are presented.
Two sets of nucleon g factors were used in each of the two spaces for the g-factor calculations. The first set involved the bare g factors [g lp = 1, g sp = 5.581, g ln = 0, g sn = −3.826].
The second set included effective nucleon g factors [g lp = 1.1, g sp = 4.186, g ln = −0.1, g sn = −2.870]. In each case the two calculated g-factor results are presented in Table III , first with bare and then with effective nucleon g factors. Table III shows that the calculated excitation energies E(2 + 1 ) and E(4 + 1 ) in Space 2 are closer to the experimental values.
Experimentally, the g(2 + 1 ) is about twice the g(4 + 1 ). However, the present shell-model calculations always predict values that are very close to each other.
The larger g(2 + 1 ) value is best predicted with the bare nucleon g factors in Space 2. The smaller g(4 + 1 ) value is well accounted for in both spaces with the effective nucleon g TABLE III. Large-scale shell-model results for 106 Cd. The configurations used in the calculations for Space 1 and Space 2 are identified in the text. The two results quoted for the B(E2) values correspond to different choices of effective charges, (e p ,e n ), as discussed in the text. Similarly, the two results for the calculated g factors correspond to choices of either bare or effective nucleon g factors, as described in the text. factors. The calculation using effective g factors always leads to predicted 106 Cd g-factor values that are about 70% of those predicted by the calculations using bare g factors. In Ref. [6] , tidal wave calculations predict for 106 Cd g(2 + 1 ) = +0.314 and g(4 + 1 ) = +0.327. The corresponding calculated B(E2) values, with any one set of (e p ,e n ) values, are always larger in Space 1 (which includes the s 1/2 orbital). For the 2 + 1 → 0 + 1 transition the results of the B(E2) calculations even with e p = 2.0 and e n = 1.0 are only about 70%-80% of the experimental value. For the B(E2; 4 + 1 → 2 + 1 ) the calculated results agree with the experimental value best for e p = 1.75, e n = 0.75. Similar large effective charges were used in this region [3, 16] . Another calculation with smaller (e p ,e n ) = (1.5,0.5) led to B(E2) results much smaller than the experimental ones and are not included in Table III .
The need for large (e p ,e n ) effective charges to explain the B(E2) data indicates the presence of some collectivity in 106 Cd. Yet that collectivity is limited since this nucleus is only two proton holes away from the Z = 50 magic number.
It should be noted that simple collective models do not account for several properties of 106 Cd, as detailed below.
The observed ratio of the excitation energies E(4 + 1 )/E(2 + 1 ) is 2.36; the pure vibrational model predicts 2.00 for this ratio while the pure rotational model predicts 3.33. The vibrational model predicts a degenerate 0 + 2 , 2 + 2 , 4 + 1 triplet at an excitation energy of twice E(2 + 1 ) or at 1266 keV. Experimentally, no low-lying 0 + 2 was observed in this experiment, the 4 + 1 state lies at 1493.8 keV, and the 2 + 2 state is at 1716.5 keV. The observed ratio B(E2; 4 + 1 → 2 + 1 )/B(E2; 2 + 1 → 0 + 1 ) = 0.599(54). This ratio is predicted to be 2.00 in the vibrational model and 1.43 in the rotational model.
Collective models predict identical values for g(2 + 1 ) = g(4 + 1 ) = Z/A = +0.453. Greiner [17] suggested corrections which reduce these values. The measured g(2 + 1 ) in the present work can be explained by Greiner's approach, but the g(4 + 1 ) is still too low. A ratio of g(2 + 1 )/g(4 + 1 ) = 1.70(39) was observed here for 106 Cd. The highest theoretical value for g(2 + 1 )/g(4 + 1 ) = 1.24, was obtained from the LSSM calculation in Space 2 with effective nucleon g factors.
IV. SUMMARY
The mean lives of the 4 + 3 and 3 − 1 states in 106 Cd were measured for the first time. The current investigation also remeasured the mean lives of the 2 + 1 , 2 + 2 , 4 + 1 , and 4 + 2 levels in 106 Cd. In all four of these cases, the new values disagree significantly with the literature values.
The current experiments also measured for the first time the g(4 + 1 ) value in 106 Cd and fully reproduced the literature value of the g(2 + 1 ). The g factor of the 4 + 1 state is about 59% that of the 2 + 1 state. This large difference cannot be explained by simple collective models, or within the framework of a tidal wave model [6] . These models predict g(4 + 1 ) values that are very close to g(2 + 1 ). The shell-model Space 2 calculations, with effective nucleon g factors, do yield g(2 + 1 ) > g(4 + 1 ), in agreement with experiment. But while these calculations are in agreement with the experimental g(4 + 1 ) value they underpredict the g(2 + 1 ) value. Overall, unlike some heavier Cd isotopes, 106 Cd is somewhat better described in the shell model based on specific single proton and neutron orbitals near the doubly magic N = Z = 50 shell closure. The experimental discrepancies in the lifetimes should be resolved by future Coulomb excitation and dedicated DSAM measurements.
